Abstract The majority of radiochemical separation schemes available have been developed for environmental samples that are not necessarily representative of those found in an urban environment. However, it is much more likely that an incident involving a radiation dispersal device (RDD) would occur in an urban or metropolitan area. It is unclear if the currently available separation schemes would be effective in such an event. It is therefore important to determine if the current schemes would be adequate, or to find efficient and accurate ways to separate radiological material from urban debris. One important radiological material that could be used in an RDD is 90 Sr. Part I of this work investigated the effects steel had on strontium separations, while this work investigates cement and concrete. This research demonstrates that the individual elements present in a cement and concrete sample matrix can give rise to significant interferences with extraction chromatographic separations. Solutions of the constituents mixed in representative ratios; however, show fewer problems.
Introduction
Increased terrorist activity over last 20 years has resulted in growing concern that a radiation dispersal device (RDD) could be used in a terrorist attack [1] . As described in Part I of this paper, one of the isotopes of interest that could potentially be used in an RDD is 90 Sr, due to its common use in radioisotope thermoelectric generators during the cold war [2] .
There are a variety of procedures for isolating strontium from different types of samples. A good overview of both the classical precipitation with fuming nitric acid and the newer solvent extraction (SX) and extraction chromatography (EC) methods has been published by Vajda et al. and establishes that the EC methods tend to be the fastest and simplest methods available [3] . Recently there have also been a number of methods published in the literature that use a combination of EC resins to rapidly separate both strontium and the actinides from various materials [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . While these procedures perform exceedingly well at isolating 90 Sr for quantification, they take a broad spectrum approach to eliminating constituents that could interfere with strontium uptake without identifying which of the major constituents actually do cause interference.
Cement and concrete are some of the most common urban building materials and are likely to become contaminated in the aftermath of an incident involving an RDD. Unfortunately, the aggregate used in creating concrete is extremely variable, as the aggregate is generally locally sourced and can be sand, gravel, crushed stone, blast furnace slag, crushed recycled concrete, or some combination thereof. It is often more of an inexpensive filler than a component providing physical properties [14, 15] . In order to provide a manageable scope for this project, one common aggregate material was chosen for testing as ''representative'' of the aggregates as a whole. The aggregate tested in this work was dolomitic limestone, with a representative composition obtained from the National Institute of Standards and Technology, NIST (SRM 88B) [16] . The two most common types of cement used in construction are hydraulic cement and Portland cement, both of which have similar chemical requirements (outlined by the American Society for Testing and Materials, ASTM) in the United States [17, 18] . Because of these similarities, the composition studied was taken only from a NIST Portland cement SRM (SRM 634) [19] .
While little previous work had been carried out on the effects of other building materials, such as the individual primary components of steel (addressed in Part I of this work), a much clearer picture is presented concerning the primary components of most cements and concretes. This is due to the fact that the primary constituents of cement and concrete tend to be other alkali and alkali-earth metals, which are similar in both charge and size to strontium. Indeed, fairly detailed retention curves have been generated for Cs, Na, Rb, K, Ca, Ra, and Ba, and interference curves have been generated for Ca, Na, NH 4 , and K [20] . This work aims at confirming the retention trends of strontium in the presence of previously investigated cement and concrete constituents (Na, K, and Ca). In addition, it expands the interference studies to other common components of cement and concrete (Mg and Zn).
Experimental Materials
Based on the compositions of several NIST cement and aggregate SRMs, sodium, potassium, calcium, magnesium, and zinc were chosen as potentially interfering elements for this study.
Sr resin, containing 40% w/w of a 1.0 M 4,4 0 (5 0 )-di-tbutylcyclohexano 18-crown-6 in 1-octanol solution, was used in all experiments. It was obtained from Eichrom Technologies (Lisle, IL). All batch studies were carried out using their 50-100 lm particle size resin, and column studies were performed using their commercially available 2 ml vacuum columns in conjunction with a vacuum box, also obtained from Eichrom. All resin products were used as received. Strontium-85 was obtained from Eckert and Ziegler Isotope Products in the form of strontium chloride in 0.5 M HCl. All 85 Sr used was converted to strontium nitrate using the procedure outlined previously, resulting in a radiostrontium concentration of 200 Bq ml -1 [2] . All acid solutions were prepared using J.T. Baker analyzed ACS reagent grade HNO 3 obtained from Avantor Performance Materials. All solutions were prepared with deionized water from a Cascada water purification system from Pall Corporation.
Metal salt solutions were prepared from NaNO 3 (ACS Reagent), KNO 3 
, and Zn(NO 3 ) 2 Á6H 2 O (Reagent Grade 98%), all obtained from Sigma-Aldrich (St. Louis, MO). Each salt solution was diluted to the desired concentration using 3 M HNO 3 in individual volumetric flasks. Standard reference material (SRM) samples were prepared by combining the listed metal salts in ratios corresponding to the compositions of NIST SRM 634 (Portland cement) and SRM 88B (dolomitic limestone), listed in Table 1 .
Procedure

Batch studies
By measuring the activity in the solution before and after contact with the resin, the weight distribution value of the resin can be determined. This value can, in turn, be converted to the chromatographic capacity factor (k 0 ) which is defined as the number of free column volumes (FCV) required to reach the peak maximum of the elution curve for a given column volume of the resin. Both of these values are determined using equations outlined in Horwitz et al. [20] . The procedure used for batch studies in this research is outlined in Part I of this work [2] . 
Column studies
Column studies were carried out to ensure the data collected in the batch studies accurately transferred to real-life use of the resin. For these studies, the columns utilized were 2 ml vacuum-flow columns dry packed in the factory and used directly out of the packaging. These were utilized in conjunction with a vacuum box, also obtained from Eichrom. The procedure used for column studies in this investigation is outlined in Part I of this work [2] . The elution strategy used was established by Horwitz et al. [20] . in the early 1990's and is considered adequate for the separation of strontium, though more recent procedures have often called for higher concentrations of nitric acid in the rinse phase to increase the retention of strontium on the resin. For the sake of this study, the original procedure was utilized to ensure a minimum baseline for the retention of strontium. It is assumed that procedures using higher concentrations of nitric acid or smaller rinse phases would have provided better/more quantitative results. All error bars and citations of error in the following sections of this paper represent 1r standard deviation based on the replicates analyzed.
Measurement
Gamma spectroscopy was performed using a WIZARD 2 2480 automatic gamma counter from Perkin Elmer Inc. (Waltham, MA). The instrument was equipped with a 3-inch well-type NaI(Tl) detector contained in a 75 mm solid lead shield for background reduction. Samples were counted in 13 mm diameter culture tubes for 1 h, unless the total number of counts in the counting window reached 40,000 (0.5% error).
Stable nuclides were assayed using an Optima 8000 ICP-OES spectrometer from Perkin Elmer Inc. All samples were analyzed with the plasma, auxiliary, and nebulizer gasses running at 8.0, 0.2, and 0.7 L min -1 , respectively. The RF power was 1500 W and the peristaltic pump flow rate was left at 1 mL min -1 for all samples.
Results and discussion
Batch studies
As described in Part I of this work, batch studies were carried out in 3 M HNO 3 [2] . The baseline chromatographic capacity factor for Sr under these conditions was roughly 59.1 ± 1.1. Each salt was investigated at concentrations of 1.0, 0.5, 0.25, 0.1, 0.05, 0.01, 0.005, and 0.001 M in order to cover a vast range of possible concentrations that could be encountered after the dissolution of concrete. Prior to this work, it had been shown that the alkali and alkaline earth metals tend to interfere with the uptake of strontium [20, 21] . It is therefore not surprising that this trend was seen in this study as well. The batch study results for sodium, potassium, and calcium are shown in Fig. 1 . These results match those obtained by Horwitz et al. [20] and Chiarizia et al. [21] in 1992 when the resin was first developed. Interestingly, magnesium does not follow the same trend, despite also being an alkaline earth metal. This is likely due to its much smaller ionic radius prohibiting the effective complexation by the crown extractant. Zinc, unsurprisingly, follows this same trend, since its ionic radius is much closer to that of magnesium than that of sodium, potassium, and calcium. Given that cement and concrete are composed primarily of calcium, it is possible that an early breakthrough of radiostrontium could be seen. The concentration at which a premature breakthrough would occur would depend on the elution strategy employed. If the strategy utilized in this work were used, then it is likely that premature breakthrough would begin at potassium concentrations between 0.01 and 0.05 M, or calcium or sodium concentrations between 0.5 and 1 M. While the k 0 values indicate that the elution peak maximums would still be in the strip phase of the elution strategy under these concentrations, the peaks are not infinitely thin, and will likely become broader as more eluent passes through the column. These estimates would also, therefore, depend on flow rate and column characteristics with faster flowing, shorter columns having more significant breakthrough than longer, slower flowing columns. Synergistic effects are sometimes seen for constituents that are not adsorbed by the resin. To demonstrate the similarities with the investigation of steel constituents published as Part I of these studies, this data set was also plotted as a function of ionic strength [2] . This can be seen in Fig. 2 , which shows the trend line associated with magnesium and zinc. The results for Mg and Zn are very similar to those seen for the ? 2 and ? 3 ions in the steel work, with slopes and intercepts varying slightly. While not exactly the same, the increase in k 0 is still larger than the increase seen due to an increase in HNO 3 concentration, which would indicate that salting out is also occurring in these systems. In contrast to this, strontium retention in the calcium and sodium systems declines fairly linearly with increasing ionic strength, and in the potassium system decreases with a somewhat exponential trend.
Column studies
The column studies carried out with individual constituents at 1 M concentrations indicated that only potassium gave rise to a k 0 low enough to result in significant breakthrough during the loading phase of the column elution. While none of the other constituents caused as drastic a breakthrough as potassium, strontium did have significant breakthrough ([ 5%) in the first 30 FCVs for each of the remaining constituents, as seen in Fig. 3 . This resulted in poor recoveries of 65-72% in the strip fractions of the elution profile (FCVs 35 and 40) . Although these results indicate that inferior recoveries would be likely when working with dissolved cement and concrete, it is possible that samples with representatively proportioned compositions would not result in such significant breakthrough.
To test whether this is the case, simulated solutions were prepared based on the compositions of Portland cement and dolomite (Dolomitic Limestone) SRMs obtained from NIST (SRM 634 and 88B, respectively). While it would have been preferable to directly dissolve the SRMs and perform these tests, digestion is not straight forward due to the significant amounts of silica in each. Table 2 The results of the vacuum column studies with the simulated SRM solutions are shown in Fig. 4 and indicate that cement on its own will cause significant premature breakthrough of strontium (approx. 27.5%). The breakthrough associated with the simulated dolomite is significantly lower than that seen for cement, but still high (approx. 9.5%). This makes sense, as the dolomite has a much higher concentration of magnesium, which was shown to increase the retention of strontium. However, it also contains less calcium, which could have caused the decrease in breakthrough as well.
Conclusions
This work confirmed previously published retention data for strontium in systems containing high concentrations of Na, K, and Ca [20] . It also showed that Mg and Zn cause a synergistic effect consistent with salting out. Although a recovery of greater than 85% in the appropriate fractions was achieved with the simulated dolomite solution, premature breakthrough was significant in trials for both of the mixtures and the individual constituents. A significant difference in elution fraction recovery was also seen between the two SRM simulations. This is likely due to the difference in either calcium or magnesium concentration in the two solutions, although an additional set of experiments where one element concentration is held constant while the other is varied would be required to definitively say which. In addition to this, experiments where the known interfering elements are added simultaneously could also help determine if the interference effects are additive or not.
The work discussed indicates that at high concentrations of cement or concrete problems with strontium retention will arise. It must be acknowledged that dolomitic limestone is not the only aggregate used in concrete and that the ratio of aggregate to cement will also vary from application to application. Because of this, it is difficult to say how much of an impact dissolved cement or concrete would have on strontium retention without some form of preprocessing to standardize the solution. The most straightforward ways to prevent premature breakthrough, in any case, would be to either (a) dilute such solutions with more concentrated nitric acid or (b) stack the standard 2 ml columns to make longer resin beds. Indeed, this second option is employed by Maxwell et al. when encountering matrices with large volumes or high levels of calcium present [12, 13] . A more complex alternative would be to include pre-concentration steps that remove the interfering elements, such as the utilization of fuming nitric acid to purify strontium from calcium [3] . These types of chemical purifications tend to take a large amount of time and are part of the reason extraction chromatography has become so prevalent in the first place. A simple alternative would be to analyze a matrix that does not contain large amounts of Ca, K, or Na, such as steel, which was shown to actually increase the retention of Sr on the column in Part I of this work [2] . Fig. 4 Column elution profiles for strontium with cement and concrete aggregate simulated solutions (concentrations listed in Table 1) J Radioanal Nucl Chem (2017) 314:2591-2596 2595
